Extensive penetration of distributed generation (DG) is one of the critical challenges near future for efficient and low carbon energy utilization in the world. Since DG installation greatly influences existing power systems, it is required to install DG with suitable location and adequate size, thus some decision-making tools for optimal DG installation are necessary. This paper presents a new approach for optimal location and sizing of DG. Although approximate methods are generally adopted in this area because of the problem difficulty arising from the combinational nature, an exact enumerative method is proposed in this paper because of its simplicity and versatility. The usefulness of this enumerative method is demonstrated in a simple pilot system and some quantitative/qualitative characteristics in DG installation are also clarified.
Introduction
Optimized electricity supply and demand is expected by the realization of Smart Grid, and installation of distributed generation (DG) is one of the key elements of smart grid as measures for power loss reduction, expansion of renewable energy amount and local energy production for local consumption toward a new resilient energy system. Under this background, many studies have been reported related to optimal location and sizing of DG installation in distribution networks. Because such DG installation problem with various candidate locations and sizes causes combinatorial explosion, metaheuristics methods such as genetic algorithm (GA), particle swarm optimization (PSO) or analytical approaches have been used. However, it is difficult to ensure that the solution by such approximate or analytical methods is optimal and also difficult to understand the quantitative characteristics of DG installation impact by different location and sizing.
The purpose of this paper is to clarify the quantitative characteristics of such DG installation impact by enumerating the combinations by its location and size and obtaining the exact solution to the optimal one.
Studies and Approaches for Power Loss Reduction
Many studies for power loss reduction of distribution networks have been reported and various network reconfiguration approaches by switching and capacitor placement have been proposed. Recently studies related to DG installation for power loss reduction have been increasing in response to liberalization of electricity market and rising of environmental awareness such as renewable energy generations. These studies for optimal DG installation into distribution systems indicate that poor selection of location and size of DG installation would lead to higher power loss compared with no DG installation. Therefore, it is necessary to identify the optimal location and size of DG and this problem is called "optimal DG installation problem" in this paper. As mentioned in the above, because the "optimal DG installation problem" causes combinatorial explosion, metaheuristics methods have been used in some of these studies. As the other approach, [1] provided a well-known "2/3 rule" that the optimal capacitor size to minimize power loss into a feeder with uniformly distributed load was 2/3 of the total load and the optimal location was 2/3 of the total distance, and [2] showed the impact on feeder losses of DG could be analyzed with something akin to the 2/3 rule. In [3] and [4] , analytical methods for the optimal DG location and sizing to minimize power loss had been proposed, and these approach used the real power loss expression popularly known as "exact loss" formula [5] as follows.
where
are (i,j)th entry of [Z bus] matrix. Also, P i , P j are the active power injections at the ith and jth buses, Q i , Q j are the reactive power injection at the ith and jth buses and N is the numbers of buses.
3. An Approach to Recognize Optimal Location and Sizing of DG Installation.
In this section, a new approach using an exact solution method for obtaining an optimal location and sizing of DG in a simple pilot system is provided.
Utilization of the enumeration method as an exact solution method
Among some exact solution methods such as "branch and bound" and "dynamic programing" which divides a complex problem into partial problems for efficient calculation, the enumeration method which enumerates the solution for every possible combination is used in this paper. If all possible combinations of the problem would be enumerated, the optimized solution could be selected from them. This is a very simple and reliable approach and versatile. However possible combinations of location and size for DG are enormous in the "optimal DG installation problem" and the number should increase if additional variables such as attributes of DG would be added. Therefore, it is generally considered that the utilization of enumeration method for the "optimal DG installation problem" is not practical. However, the enumeration method for the problem might be possible if the numbers of possible combinations for calculation would be reduced by considering a simple power system model and adding constraints regarding the DG location node and the injecting power type.
Therefore, this paper uses the enumeration method for the "optimal DG installation problem" on condition that it would applied to a simple pilot system with some constraints so that possible combination numbers of DG installation are limited to around several dozes.
Definition of the simple distribution system model
In this paper, 6-node and no branched simple system is used as the simple pilot system illustrated in Fig. 1 . In this figure, Node1 is the slack node and resistance r i and reactance x i (i=1,2, 5) are considered in each branch. 
Solution procedure of the "optimal DG installation problem"
In this paper, an optimal DG installation is defined as the DG installation which minimizes the power loss of a targeted distribution system and its decision procedure is provided.
In the procedure, one DG installation into any one node from Node2 to Node5 in the pilot system is considered (Node1 is the slack node). In order to find the DG location and its size to minimize power loss in the system, the amount of power loss in case of DG installation into every one node is calculated by a power flow calculation method. As the method of power flow calculation, the Backward and Forward (B/F) method is used. The reason is that the B/F method is considered as a suitable power calculation method for a radial distribution system which is the Japanese typical distribution system style and computation time is fast compared with the Newton-Raphson method which is used for power flow calculation commonly. The procedure of the B/F method is as follows. A dot on the top of the character denotes complex numbers and an asterisk on the right hand side denotes complex conjugate.
1) Predefine the voltage ( 1, 2,..., ( 6 in the pilot system))
2) Calculate the injecting current ( 1,2,..., )
for each node using the following formula.
( )
3) Sum up injecting currents for each node and set the each branch current by the following manner.
(Backward Sweep), calculate the sum of currents for each node following the Kirchhoff's current law (KCL) starting from every end node (Node6 in the pilot system) to the Slack Node (Node 1 in the pilot system) sequentially (Node6 Node5 … Node1 in the pilot system). 
Computational Result
In this section, power loss calculation results by DG installation into any one node of the pilot system are enumerated using the B/F method, and then the optimal solution is selected from them.
Assumptions and initial settings
Assumptions in the calculation are as follows. Only one DG is installed into any one node of the simple pilot system except for the slack node. Three types of DGs capable of injecting active power (P) only, reactive power (Q) only and both active and reactive power (P & Q) are considered. DG's injecting power is set from 0 to 1 with 0.05 increments. In case of injecting both active and reactive power, the size of reactive power is set at 1/2 of active power considering a general power factor (0.89). Load of each node is uniform (except for the slack node) No susceptance is considered. Initial values of voltage, active power, reactive power for each node and resistance and reactance values of each branch are showed in Table 1 (a) and (b). 
Calculation results and consideration
Power loss calculation results for 3 types of DG (P only, Q only both P & Q) installation are provided in this part. Before that, Table 2 shows the power flow calculation results for the pilot system without DG to obtain the power loss without DG placement. The result shows the active power loss of the pilot system without DG is 0.0147. The accuracy of this calculation result is confirmed by the power mismatch between the defined and the calculated active and reactive power of each node is sufficiently small. (The max mismatch is 4.637e-009 in this calculation).
Consideration 1: installation of DG capable of injecting active power (P) only
Firstly, installation of the DG capable of injecting active power (P) only is considered. Table 3 shows the power loss calculation result with the installation of the DG injecting active power only and Fig. 2 shows the loss reduction effect by the size of the DG for each installation node. The calculation result shows a certain size of injected active power to minimize the power loss exists in each node and the power loss for each node shows a convex downward quadratic curve.
The result shows that suitable location of the DG is Node5 and adequate size of injecting active power (P) is 0.3500. In this case, the power loss is dramatically reduced to 0.0040 (from 0.0147) and its improvement rate is about 72.8% compared with the no DG case.
Here, applying the "2/3 rule" to the pilot system, the approximate best answer is that the location would be 0.3333 from Node4 toward Node5, and the injecting active power would be 0.3333. Considering possible DG installation points are nodes of the pilot system, it is possible that this calculation result nearly follows the "2/3 rule".
Consideration 2: installation of DG capable of injecting reactive power (Q) only
Secondly, installation of the DG capable of injecting reactive power (Q) only is considered. Table 4 shows the power loss calculation result with the installation of the DG injecting reactive power only and Fig. 3 shows the loss reduction effect by the size of the DG for each installation node. The calculation results also shows a certain size of injecting reactive power to minimize the power loss exists in each node and the power loss for each node shows a convex downward quadratic curve as well as the consideration 1. The result shows that suitable location of the DG is Node5 also, and adequate size of injecting reactive power (Q) is 0.2000. In this case, the loss reduction effect is small compared with the consideration 1, the power loss reduced to 0.0120 (from 0.0147) and its improvement rate is about 18.4% compared with the no DG case. (Although Table 4 With regard to the "2/3 rule", this calculation result nearly follows the "2/3 rule" also.
Consideration 3: installation of DG capable of injecting both active and reactive power (P & Q)
Lastly, installation of the DG capable of injecting both active and reactive power (P & Q) is considered. Table 5 shows the power loss calculation result with the installation of the DG injecting both active and reactive power and Fig. 4 shows the loss reduction effect by the size of the DG for each installation node. The calculation result shows the loss reduction effect for each node shows similar characteristics of the consideration 1 and the optimal location of the DG is Node5 also, and adequate size of injecting active power (P) is 0.3500 (reactive power (Q) is 0.1750). In this case, the power loss is dramatically reduced to 0.0015 (from 0.0147) and its improvement rate is about 89.8% compared with the no DG case. In the effectiveness of the power loss reduction, this case is the best among these three cases. In addition, the result nearly follows the "2/3 rule" as well as the consideration 1 and 2.
Conclusion
The application of the proposed enumeration method to the simple pilot system has shown that DG installation can dramatically contribute to the reduction of power loss. Qualitatively, the amount of loss reduction is influenced by DG location and size and is maximal in case of both active and reactive power injection compared with either only active or reactive power injection. It has been also shown that the power loss reduction by DG installation nearly follows the "2/3 rule" for capacitor placement.
Although the simple 6-node model was considered in this paper, it is possible to enhance the proposed method to be applicable to much larger actual distribution networks, by simply limiting the combinations of candidate DG locations and sizes. For example, when considering k candidate DG locations and s sizes per location, there are s k C 1 combinations for single DG installation, s 2 k C 2 for two DG installation, and so on. We have already done preliminary tests for radial networks for more than 100 nodes and have confirmed that a multiple DG installation problem for actual distribution networks would be solved in reasonable computation time by at most 1 million power flow runs. In future works, we would like to make this approach flexible for general (radial or weakly-meshed) distribution network types and provide more scalable and reliable optimal DG installation tools.
